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Atomic Clocks and Variations of the Fine Structure Constant
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We describe a new test for possible variations of the fine structure consthgtcomparisons of
rates between clocks based on hyperfine transitions in alkali atoms with different atomic namber
H-maser, Cs, and Hgclocks have a different dependence @rvia relativistic contributions of order
(Za)?*. Recent H-maser vs Hgclock comparison data improve laboratory limits on a time variation
by 100-fold to givea/a = 3.7 X 10~'*/yr. Future laser cooled clocks (BgRb, Cs, Hg, etc.), when
compared, will yield the most sensitive of all tests fofa.

PACS numbers: 06.20.Jr, 12.20.Fr, 31.30.Jr

Since Dirac’s large number hypothesis (LNH) [1], the ment of the anthropic cosmological principle (ACP). Ac-
search for a time variation of the fundamental constantsordingly [7], the large number ratio (LNR) values are not
has been the subject of much work [2]. Dirac noticeda consequence of the above proportionality postulated by
that the ratio of the electrostatic to gravitational forces beDirac but rather, the present day LNR values are one of a
tween an electron and protda-2 X 10*°) was close to relatively small subset (of all possible LNR values) which
the age of the Universe expressed in units of the lightvill lead to the development of observers, i.e., physicists,
transit time across the classical electron radiig,c = astronomers, etc.
e?/m,c3. He conjectured that these two very large The experimental search for a temporal variationvof
quantities were proportional, hence, the ratigGm,m, is divided into what might be called cosmological and
would vary with the age of the Universe. A fractional modern measurements. For example, a stringent limit on
changesG/G = —5 x 107" /yr would result assuming « variation follows from an analysis of isotope ratios
a universe2 x 10 yr old. Teller and co-workers [2,3] '*Snm/!¥7Sm in the natural uranium fission reaction that
have postulated a relationship for the fine structure contook place some x 10° yr ago at the present day site of
stanta™!' ~ In(hc/Gm?), where(hc/Gm?)'/? ~ (electron  the Oklo mine in Gabon, West Africa [2,8]. This ratio
Compton wavelengthPlanck length). Taken with the is 0.02 rather than 0.9 as in natural samarium from the
Dirac hypothesis of a time varying;, « may vary neutron flux ontd*Sm during the uranium fission. It
da/a ~ a(8G/G) ~ 3.6 X 10713 /yr. is thus deduced that the neutron capture cross section in

Variation of the nongravitational constants is forbidden'*Sm has not changed significantlydnx 10° yr from its
in general relativity and other metric theories of gravity, present day value. Recent modeling [8] of this process
where gravitational fields are described as a geometricdlas relaxed the original stringent limits by 100-fold to
property of space-time. The equivalence principle formsy/a = 1075, This limits the integrated change im
the basis for all metric theories and requires local positiorover the cosmological time period of X 10° yr. In
invariance: In local freely falling frames the outcome ofa similar way, astronomical measurements of multiple
any local nongravitational test experiment is independengpectral lines (with different dependence @rand other
of where and when in the Universe it is performedatomic constants) from a common source with a large
[4]. A changing fine structure constanat, as predicted cosmological redshift, have been used to place limits
in some cosmological string theories [5], would violateon variations ofa over cosmological time periods of
the equivalence principle signaling the breakdown ofa/a = 4 X 107'2/yr [9].
gravitation as a geometrical phenomenon and, as we Modern or laboratory measurements are based on clock
show in this paper, would lead to a drift in the relative comparisons with ultrastable oscillators of different physi-
frequencies of H masers, Rb, Cs, Hetc. clocks. cal makeup such as the superconducting cavity oscillator

Several analyses of paleontological, geophysical, and ass cesium hyperfine clock transition [10] or the Mg fine
tronomical data were made apparently ruling out the LNHstructure transition vs the cesium hyperfine clock transition
variation [2] though there have been conflicting claims for[11]. Unlike the results inferred from phenomena taking
a measured variation of the gravitational constant [6]. Theplace over cosmological time scales, the clock comparisons
paleontological arguments were based upon the realizaticare repeatable and are of the duration months to years.
that even a small departure of the gravitational congtant These measurements rely on the ultrahigh stability of the
from the present day value would make the Earth inhosatomic standards and set limits a few orders of magnitude
pitable to life. Arguments of this sort have arisen largelyless stringent than the cosmological measurements [2,8].
as a response to Dirac’s LNH and have led to the developFhe modern clock comparisons are really complementary
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to the cosmological determinations because they place ia the quantum defect for theth state. The term — §
limit on a present day variation af [12]. is the correction for the departure of the atomic potential
The string theory prediction [5] for a temporal variation from pure Coulomb as the electron enters the relatively
of the fundamental constants has provided a renewekrge highZ nucleus withé = 4% for Cs and 12% for Hg
incentive for improved tests of the constancyaaf This [14]. 1 — € is a similar correction for the finite size of
paper describes a new method for determining limits orthe nuclear magnetic dipole moment wi¢h~ 0.5% for
the variation ofa by comparing rates for clocks based onCs and 3% for Hg [14].
atoms of different atomic number. The method is based The Casimir correction factoF,,(«Z) [14,15,17] is
on the increasing importance of relativistic contributionsobtained when the relativistic wave equation is solved to
to the hyperfine energy splitting as atomic numker evaluate the electron wave function in the vicinity of the
increases in the group | alkali elements and alkalilikenucleus. For ars;,, state electrom,.;(«Z) = 3[A(4A> —
ions. The contribution is a function afZ which grows 1)]~!, wherex = [1 — («Z)?]"/? showingF,, is a strong
faster than(Za)? for the heavier atoms and thus differs function of @ for high Z nuclei. ForaZ < 1, F =
for hydrogen(z = 1), beryllium ion (Z = 4), rubidium 1 + 11(aZ)?/6 but with heavier atoms this approximation
(Z = 37), cesium(Z = 55), and mercury ion(Z = 80). breaks down since for C#,., = 1.39 and for HQ,F,; =
Any variation ina, whether a cosmological time variation 2.26.
or a spatial variation via a dependence ®f on the A time variation ina will therefore induce a change in
gravitational potential [13], will force a variation in the the frequency of an H maser relative to the frequency of a
relative clock rates between any pair of these clocks.  heavy atom hfs transition according to
We begin by comparing the theoretical expressions for J A J | d
the hyperfine splitting (hfs) in hydrogen and the alkali = |n<ﬂ> =a— In(Frel)<_ —a>.
atoms and ions. All continuously operated microwave dt @hydrogen da a di
atomic frequency standards (H, Rb, Cs, and*Hgre We have assumed the integersandZ remain constant.
based on transitions between ground state hyperfine leve§upposing thatr changes, there will be a corresponding
determined by the interaction of a nuclear magnetichange in the effective quantum number since it is
moment with the magnetic moment of afi,, state determined by the Rydberg levels of the valence electron.
valence electron. The hydrogen hfs is the Simp|eSHowever1 because? ~ En/ZZRy ~ [1 + higher order in
and to lowest order ina and m./m,, the splitting (z«)?] its changes are small. The finite nuclear volume
used as the clock transition in the H maserds=  correction does contain terms of ordeez)* but its
sa’g,(m./my)Rsc, Where g, is the protong factor, overall sensitivity toa is <10% of that of F,,, and is
m, andm, are the electron and proton masses, &nd negligible.
is the Rydberg constant in frequency units. The above ratio between hyperfine transitions in differ-
The theory of the hyperfine splitting in alkali atoms andent atoms contains no electron to proton mass ratio and
ions is not so well developed as that for hydrogen buthe nuclear factors enter as a ratio unlike the clock com-

much work has been done and the theoretical expressiomrisons described in Refs. [10,11]. The above equation
predict the splittings for the Cs and Hglock transition s rewritten as

frequencies to the 1% level [14]. The full expression for

2 _
the hyperfine interaction constast [14,15] is a IN(Fre1) = (aZ)? % = LiFe(aZ).
o _
2 dA, o . .

A, = %azg,Z% (1 — d—>Fre1(aZ)(1 ) The sensitivity to « variations L,F.(aZ) is plotted
M m " against atomic numbef in Fig. 1.

X (1 — €) —= Rac. By analogy with a Dirac particle, the ratig;/g, (g

Mp values of a bound nucleon to a free nucleon) is relatively

The transition frequency between the+ ; states is insensitive toa. The nuclearg factors are defined as
I+ %)Ax, wherel is the nuclear spin angular momentum a ratio of the measured nuclear magnetic moment to the
quantum number. nuclear magnetoei/2m,c and are determined primarily
This expression is composed of several factors. Théy the strength of the strong interaction. For an electron
value of the valence electron wave function at the nubound to a nucleus of charge there is a relativistic
cleus, obtained by solving the nonrelativistic Schrédingemass contribution to the electrgnfactor of order(az)?
equation, is given by the semiempirical Fermi-Segré for{15]. By contrast, the strong force binding a nucleon
mula [16] ¥2(0) = (Z2z2/main®)[1 — dA,/dn], whereZ in a nucleus “saturates,” i.e., remains relatively constant
is the atomic number; is the net charge of the remain- with increasing atomic number unlike the electromagnetic
ing ion following the removal of the valence electron, andbinding of an electron to a nucleus. We therefore assume
n. is the effective quantum number chosen to match théhere is no corresponding contribution to the nuclgar
measured energy levels,-, for the alkali atom according factor ratio which grows with atomic numbgras strong
to the Rydberg formul&,- = —z’Ry/n?. A, = n — n.  asthe(aZ)? dependence af,;.
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3.0 in Braunschweig, Germany) showedla x 10~ '¢/day
relative frequency drift [18]. Similar clock comparisons
251 have been made at the U.S. Naval Observatory [19] with
comparable clock rate drifts. SindgF,.;(55) = 0.74 we
_2or find &/a = 1.5 X 10716/day—0.74 = 7 X 10714 /yr.
'353 15k We have developed [20,21] an ultrastable frequency
o standard based on Hgions confined to a linear ion
- 1ok trap, and have recently completed a 140 day clock rate
comparison (to be published) between it and a cavity
051 tuned H maser [22]. In that comparison, a limit of
2.1(0.8) x 107'°/day was established for the frequency

drift between these two long term stable clocks. The
Allan deviation of this clock comparison is shown in
Fig. 2. This is a more sensitive test fervariations than
FIG. 1. The functionL,F.(Z) plotted against atomic num- the Cs vs H maser comparison sirggFy.;(80) = 2.2 and
berz. establishes an upper boutda = 3.7 X 10~14/yr.
This Hg" vs H maser limit represents a tenfold im-
) provement over the recent limit [11] and rules out
As above, for the comparison of two clocks, each base¢he | NH variation of « (~3.6 X 105 /yr) discussed in

on a transition in different alkali atoms with > 1, there  tha introduction. It should be noted that these results
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will be a relative drift in rates are theonly present day laboratorests with enough sen-
d | Aalkalil 1 da sitivity to rule out such variations. The limits established
— N8 = [LyFre(Z) — LyFre(Z))] — —. . L .
dt  Auixaiiz [LaFre(Z1) aFrei(Z2)] a dt in Ref. [11] on ane variation(=2.7 x 10~'3/yr) were in-
Table | shows the size of the sensitivity,F,.(z,) — ferred from astrophysical limits placed arg,m./m, [9]
LyF.1(2,) for various clock intercomparisons that might over a time interval of almost0'” yr.
be used to detect a temporal variatiomirfor spatial with The Hg" vs H maser results presented here represent

d/dt replaced byi/dU, whereU is the solar gravitational a 100-fold improvement over the best laboratory limits
potential [13]). A larger sensitivity would cause a larger (=4 X 107'2/yr) established in the superconducting cav-
clock rate difference given a nonzero value féy«. ity vs Cs frequency comparisons of Ref. [10]. This im-
Alternatively, given a variation inv, the six distinct drift ~provement follows from the very good long term stability
rates of Table | would predict a clear signature whichof the atomic Hg and H-maser clocks, with relative drift
would be useful in discriminating against systematic~10"'/day, as compared to the superconducting cavity
errors that might show up in any single intercomparison_OSCi”atOI' where instrumental drifts can lead to frequency
For example, the Cs vs Hgrate difference should be drifts of a few parts inl0'*/day [10].
1.4/0.74 = 1.9 times greater than the H maser vs Cs rate In summary, we have developed a new method for
difference, etc. detecting variations of the fine structure constanby
Several clock comparisons have been made which ca@xamining relative drift rates between atomic clocks
be used to search for a variation of. Long term
comparisons of Cs to H-maser clocks are carried out in
the generation and maintenance of the worldwide atomic 4¢3
time scale (TAI). A recent comparison carried out over a
1 yr period between two cavity autotuned active H masers
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clock rates between the two given clocks. For example, if
a/a = 107/yr, a frequency drift 0f2.2 X 107! /yr between
an H maser and an Hgclock would result.
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the linear drift estimate(+1) x 107'¢/day.
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